Short Communication
Separation of enantiomers represents an extremely important task in the field of analytical chemistry. This paper contributes to the field of the on-line preconcentration of enantiomers by developing a novel setup based on the electrokinetic accumulation of ketoprofen enantiomers on the pH boundary followed by enantioselective mobilization by a mixture of SDS, sulfated-β-cyclodextrin (S-β-CD), and trimethyl-β-cyclodextrin (TM-β-CD). Under the best conditions, where the injection electrolyte was composed of 50 mmol L -1 borate/NaOH pH 9.5 with 60% (v/v) methanol, the background electrolyte contained 50 mmol L -1 phosphate/NaOH pH 2.5, and the mobilization electrolyte consisted of 50 mmol L -1 phosphate/NaOH pH 2.5 with 4.0% (w/v) S-β-CD, 0.5% (w/v) TM-β-CD, and 20 mmol L -1 SDS, the determination of nanomolar concentration levels of ketoprofen enantiomers was successful by using micellar electrokinetic chromatography with a common UV detection. LODs were 2.5 nmol L -1 and 3.4 nmol L -1
, which represent enhancement factors of 9921 and 8529, respectively. The method was also applied to the determination of ketoprofen enantiomers in waste water samples by using simple filtration as a clean-up step. Here, the recovery of ketoprofen enantiomers was 91% at the concentration level of 5×10 -9 mol L -1 .
Cent. Eur. J. Chem. • 11(3) • 2013 • 335-340 DOI: 10.2478 Separation of ketoprofen enantiomers at nanomolar concentration levels by micellar electrokinetic chromatography with on-line electrokinetic preconcentration case of micellar electrokinetic chromatography (MEKC), with micellar media [4] . Interestingly, the separation of enantiomers can be also affected by the presence of a chiral selector in BGE in different CE compartments (inlet vial, capillary and outlet vial) as was presented by Tesařová et al. [5] for hydroxypropyl β-cyclodextrin in the micellar environment and by Petr et al. [6] for sulfated β-cyclodextrin.
As demonstrated, the usefulness of CE in chiral separations is very wide. However, there is one problem of how to deal with a lack of detection sensitivity while using CE with a common UV detector. Generally, CE with UV detection is not sensitive enough to analyze biologically active compounds in their natural concentrations, usually at nanomolar levels. Partial solution of this problem was the development of on-line preconcentration techniques like stacking, isotachophoresis, sweeping, dynamic pH junction and their combinations (for more details see recent reviews [7, 8] ). In 2000 introduced the dynamic pH junction where the analytes were preconcentrated, due to their different dissociation, in two adjoining electrolytes of different pH. A variation of this technique for the analysis of weak acids was presented by our group [10, 11] . This method is based on the electrokinetic injection of the analyzed compounds to the pH boundary (the accumulation step) followed by mobilization of stacked analytes. Moreover, the use of partially non-aqueous injection electrolyte could enhance the preconcentration more than 70,000-fold [12] .
In our study, ketoprofen (2-(3-benzoylphenyl)-propionic acid) was chosen as a model analyte since it is widely used as non-steroidal anti-inflammatory drug with analgesic and antipyretic effects, e.g. for treatment of arthritis-related inflammatory pains. Its production represents a market of more than 1 billion USD. In the natural environment ketoprofen can be found in waters, as described previously [13] [14] [15] . In the view of its analysis, ketoprofen can be separated from others profens by micellar electrokinetic chromatography as well as by capillary zone electrophoresis, also with online preconcentrations [16, 17] . Moreover, ketoprofen enantiomers can also be separated by means of capillary electrophoresis using various cyclodextrins [18] [19] [20] or vancomycin [21] as chiral selectors.
In our work presented in this paper, the task of the on-line preconcentration prior to the separation of ketoprofen enantiomers was addressed by developing a novel setup based on electrokinetic accumulation on the pH boundary followed by the enantioselective mobilization by the electrolyte containing SDS, sulfated-β-cyclodextrin (S-β-CD), and trimethyl-β-cyclodextrin (TM-β-CD).
Experimental procedure

Chemicals and reagents
Electrolyte components: boric acid, phosphoric acid, sodium hydroxide, sodium dodecylsulfate (SDS), and methanol were purchased from Sigma (Sigma, St. Louis, MO, USA), chiral selectors: sulfated β-cyclodextrin, sodium salt (S-β-CD) was obtained from Sigma, while heptakis(2,3,6-tri-O-methyl)-β-cyclodextrin (TM-β-CD) was purchased from Fluka (Fluka Chemie, Buchs, Switzerland). The sample standard, R,S-ketoprofen, was also bought from Sigma. All the chemicals were of analytical grade purity.
Waste water samples were collected at the local sewage treatment plant during June 2011 into 1 L polypropylene bottles pre-flushed by 1 mol L -1 HNO 3 (p.a., Sigma) and deionized water. All the samples were stabilized by addition of 1 mL of 1 mol L -1 HNO 3 and stored in the dark at 8°C. There was no evidence of decomposition of ketoprofen during three months.
Apparatus
All the separations were performed on the capillary electrophoresis system HP 3D CE (Agilent Technologies, Waldbronn, Germany) with the diode array detector; the detection wavelength was 200 nm. Uncoated fused silica capillaries (MicroSolv Technology, NJ, USA) with 50 µm i.d., total capillary length 33.0 cm, effective length 24.5 cm, were used in these experiments. The capillary cassette was thermostated at 25°C. The capillary was rinsed every day, before the initial experiment, with 0.1 mol L -1 NaOH (10 min), deionized water (20 min), and then with the running buffer (10 min). Before each analysis the capillary was further rinsed with 0.1 mol L -1 NaOH (2 min), deionized water (3 min), and then with the buffer (5 min) . All the rinsing was carried out under the pressure of 925 mbar. The electrolytes were prepared by dissolving the appropriate amount of an acid in deionized water (18 MΩcm, Millipore, MA, USA); the pH was adjusted to the desired value by 50% (v/v) sodium hydroxide in deionized water . The additives (SDS, cyclodextrins, or methanol) were added to the electrolytes after the pH adjustment. The electrolytes were filtered through 0.45 μm syringe-filters (Nalgene, NY, USA) before being used . All of the measurements were performed five times unless stated otherwise.
Results and discussion
The on-line electrokinetic preconcentration method is based on the electrokinetic injection of a weak acid, diluted in a basic electrolyte, into the pH boundary formed by an electrolyte of an acidic pH [10] . After this accumulation step, the separation and mobilization of the stacked analytes is done by the replacement of the inlet vial containing the injection electrolyte by the inlet vial containing the mobilization electrolyte with SDS micelles.
In this article, we focused our attention on the mobilization step. In general, the mobilization step has to meet two requirements: (i) influence the mobility of neutral analytes and (ii) provide sufficient selectivity of the separation. In the case of SDS [10] , analytes are separated due to the partitioning between micelles and free electrolyte. In the case of mobilization of enantiomers, the mobilization agent should influence the mobility of preconcentrated enantiomers and should have different affinity to each of the enantiomers in order to separate them.
Separation of ketoprofen enantiomers
Ketoprofen enantiomers (Fig. 1 ) were chosen as model analytes because of their weak acidic character and their wide use. Ketoprofen enantiomers are easily separable by sulfated β-cyclodextrin in 50 mM phosphate buffer of pH 2.5 using a completely filled capillary [22] . Moreover, they can be also separated by a dual cyclodextrin system with S-β-CD and TM-β-CD using phosphate/ triethylamine electrolyte [23] .
The preconcentration methodology was proposed as a slight modification of the system presented by Horáková et al. [10] , see Fig. 2 . There, the mobilization step is achieved using an enantioselective mobilization agent. In our case, the mobilization is performed using a mixture of two cyclodextrins and SDS which was necessary for the separation of ketoprofen enantiomers.
The mobilization of ketoprofen enantiomers was first tested with S-β-CD [22] . The mobilization of ketoprofen enantiomers was studied by using S-β-CD in the arrangement where the BGE (50 mmol L -1 phosphate/ NaOH pH 2.5) containing S-β-CD was placed into the inlet vial while the outlet vial and the capillary remained filled with the BGE without the selector. Unfortunately, the migration velocities of complexes between S-β-CD and ketoprofen enantiomers were too slow and the separation did not proceed as fast as could be accepted (it took more than 1 hour). For this reason the effect of the presence of SDS in the mobilization electrolytes was studied. Different ratios of S-β-CD (0.1-5%, w/v) and SDS (5-100 mM) were used to obtain acceptable mobilization conditions in the terms of acceptable electric currents (lower than 100 μA) and the time of the mobilization (less than 30 min). It was found that SDS had to be present in concentrations higher than CMC but at the same time as low as possible. At high SDS concentrations, electric currents increased dramatically and the zones of ketoprofen co-migrated with the impurities from the background chemicals. Hence, 20 mmol L -1 SDS was chosen as the optimal concentration for the mobilization (CMC of SDS in this BGE was about 15 mmol L -1 as determined by conductivity measurements [24] ).
The effect of S-β-CD concentration was studied next using 20 mmol L -1 SDS. Concentrations of S-β-CD varied from 0.1% to 5.0% (w/v) in 50 mmol L -1 phosphate/NaOH pH 2.5 at negative polarity. However, only the partial separation, up to resolution of 0.5, was achieved. Since Crommen group [23] introduced a dual cyclodextrin system at pH 2.5 with S-β-CD and TM-β-CD for a successful separation of various profens including ketoprofen, the mobilization by a mixture of SDS, S-β-CD, and TM-β-CD was also studied. The addition of TM-β-CD decreased the time of analysis and allowed better separation of the ketoprofen enantiomers. Interestingly, TM-β-CD could only be used at the concentrations up to 1.5% (w/v). At higher concentrations, the migration time of ketoprofen enantiomers increased dramatically (more than 1 hour).
The effect of different ratios of S-β-CD (0.5%, 1.0%, 2.0%, 3.0%, 4.0%, 5.0%, w/v) and TM-β-CD (0.5%, 1.0%, 1.5%, w/v) was evaluated using 20 mmol L -1 SDS. The best resolution was achieved with 4.0% (w/v) S-β-CD and 0.5% (w/v) TM-β-CD. Interestingly, TM-β-CD is a neutral cyclodextrin and its presence in the mobilization electrolyte affected the separation of ketoprofen enantiomers. This was probably due to the interaction of TM-β-CD with SDS and the migration of the complex between TM-β-CD and SDS into the capillary [25] .
On-line preconcentration of ketoprofen enantiomers
In our previous publication [12] , the effect of methanol on the injection electrolyte was studied with an impressive increase of the preconcentration performance. Since then, the on-line preconcentration of ketoprofen enantiomers from 50 mmol L -1 borate/NaOH electrolyte pH 9.5 containing 0-80% (v/v) methanol was tested with the mobilization by 4.0% (w/v) S-β-CD, 0.5% (w/v) TM- Separation of ketoprofen enantiomers at nanomolar concentration levels by micellar electrokinetic chromatography with on-line electrokinetic preconcentration β-CD, and 20 mmol L -1 SDS in 50 mmol L -1 phosphate/ NaOH pH 2.5. Similarly to our previous results [12] , the increase in the concentration of organic solvent in the injection electrolyte caused the increase of the peak area of ketoprofen enantiomers. Limitation of the injection was achieved by using 60% (v/v) methanol. With higher concentrations, electric currents during the electrokinetic injections were irreproducible. The increase of the injection time was then tested within the range of 5 s to 30 min. During this interval, the increase of peak areas of ketoprofen enantiomers was linear with R 2 = 0.977.
Analysis of real samples
Finally, the on-line preconcentration method was tested in the view of environmental applications. It is well known that waste waters contain antibiotics and other chemicals used in medicinal treatment. These chemicals, usually in low concentrations, which cannot be detected by CE without any preconcentration, interact with other living species in water environment and affect their metabolism. For this reason it is important to study the content of the enantiomers in waste waters.
Prior to determination of ketoprofen enantiomers in waste waters, validation parameters were evaluated using the best conditions using the injection electrolyte composed of 50 mmol L -1 borate/NaOH pH 9.5 with 60% (v/v) methanol, the background electrolyte 50 mmol L -1 phosphate/NaOH pH 2.5, and the mobilization electrolyte 50 mmol L -1 phosphate/NaOH pH 2.5 with 4.0% (w/v) S-β-CD, 0.5% (w/v) TM-β-CD, and 20 mmol L -1 SDS, with 30 min injection at -15 kV and separation at -15 kV. The results of the validation are summarized in Table 1 . The method of stereoselective mobilization allows determination of nanomolar concentrations (LODs were 2.5 and 3.4 nmol L -1 ) of ketoprofen enantiomers with acceptable analytical parameters. In the view of previously published methods, Blanco et al. [19] determined ketoprofen enantiomers by CE with LOD of 4×10 -6 mol L -1 which is about 1,000-times higher. Interestingly, Botello et al. [17] used electrokinetic supercharging without chiral separation and obtained LOD of 4×10
-9 mol L -1 that is comparable with our methodology. The LODs of our method were compared with a simple CE method without any preconcentration using 50 mmol L phosphate/NaOH pH 2.5 with 5.0% (w/v) S-β-CD (the chiral selector was presented in the inlet and the outlet vial and in the capillary) which was found to be suitable for the separation of ketoprofen enantiomers (here the injection was done for 5 s by 50 mbar). The LODs of the method without any preconcentration were 25 and 29 μmol L -1 which represents an enhancement factor of 9921 and 8529, respectively.
Then the waste water spiked with ketoprofen enantiomers was analyzed after filtration through 0.45 μm syringe-filters, and dilution in BGE with methanol. The recovery of ketoprofen enantiomers in waste waters was tested at the concentration levels of 5×10 -9 mol L -1 and 5×10 -8 mol L -1 and it equaled (91±4)% for the lower concentration level and (94±3)% for the higher concentration level, respectively. Hence, the method allowed determination of ketoprofen enantiomers in waste waters as shown in the representative analysis of ketoprofen enantiomers in Fig. 3 . It is important to note, that in order to achieve different LODs the injection time can be either decreased or increased. For example, the change of the injection time from 5 s to 60 s has more than 10-fold effect on LODs which could be sometimes satisfactory. This represents the major advantage of the method; it can be simply modified for different purposes.
Conclusions
In conclusion, our paper contributed to the task of on-line preconcentration prior to the separation of enantiomers by developing a novel setup based on electrokinetic accumulation of ketoprofen enantiomers on the pH boundary followed by enantioselective mobilization by a mixture of SDS, sulfated-β-cyclodextrin (S-β-CD), and trimethyl-β-cyclodextrin (TM-β-CD). This setup allowed determination of nanomolar concentration levels of ketoprofen enantiomers in waste water samples using capillary electrophoresis with a common UV. Moreover, it seemed that the method could be applied to the determination of nanomolar concentrations of a broad variety of chiral compounds . Separation of ketoprofen enantiomers at nanomolar concentration levels by micellar electrokinetic chromatography with on-line electrokinetic preconcentration
